the abnormalities in the lipid metabolism in the kidney can contribute to the progression of CKD . On the other hand, a novel action of insulin as an anti-inflammatory hormone has been demonstrated (10) ; therefore, resistance to its action may explain why obesity/metabolic syndrome is itself a proinflammatory state. Inflammatory cytokines such as TNF-␣ have been shown to mediate insulin resistance and inflammation, and it has been associated with several models of renal injury, including glomerulonephritis, acute renal failure, and tubulointerstitial injury (8, 58) .
Weight loss has been shown to reduce the levels of some proinflammatory biomarkers that are involved in renal injury (2, 28) . High-carbohydrate, low-protein, low-fat diets are often recommended for weight management. However, recent studies have shown that short-term dietary treatments with increased protein and reduced carbohydrates are often more effective in weight loss (30 -32) . The recommended macronutrient intake for adults attempting to lose weight has typically focused on the fat and carbohydrate contents of the diet; however, contemporary discussions have focused on the role of dietary protein (29, 34) . This is particularly true given the recent popularity of high-protein diets for weight management (29) . Although the efficacy of high-protein diets with regard to weight loss is still subject to debate, several studies have demonstrated favorable physiological effects on blood lipids, inflammation, blood pressure, and other parameters (31, 34) .
The mechanisms by which obesity and metabolic syndrome may initiate and exacerbate CKD remain elusive and largely speculative (5, 55) . In addition to hemodynamic factors that are related to obesity, metabolic effects on the kidney that take place in obese patients and its progression to metabolic syndrome have been implicated (5, 16) . Renal lipotoxicity has also been implicated in kidney abnormalities in obese patients. Lipotoxicity caused by an overaccumulation of lipids in nonadipose tissues is associated with obesity and obesity-initiated metabolic syndrome and is thought to contribute to organ dysfunction, including renal disease (1, 56) . Lipotoxicity involves the cellular accumulation of nonesterified free fatty acids (FFA) and triglycerides (TG) (56) . Diet may either worsen or ameliorate the accumulation of lipids in nonadipose tissue. It has been previously demonstrated that the composition of dietary protein may play an important role in the secretion of insulin by the pancreas (37) and in the regulation of hepatic lipogenesis mediated by sterol-regulatory element binding protein 1 (SREBP-1) (4, 48) . For instance, long-term soy protein consumption reduces nonadipose tissue lipotoxicity whereas a casein diet produces the opposite effect; how-ever, the effect of different types and concentrations of dietary protein on kidney lipid metabolism is not well described.
An overaccumulation of FA in nonadipose tissues is associated with an increased influx of circulating FFA into tissues, and also to increased lipogenesis. There is evidence that, in obese individuals, abdominal adipose tissue generates high levels of circulating FFA that are taken up by nonadipose tissues including kidney tissue (51) . Excess intracellular FA and its metabolites are known to promote insulin resistance and cause cytotoxicity in pancreatic ␤ cells, liver, heart, and endothelial cells (50, 52) , but little is known about their effects on the kidney. On the other hand, obesity is a hyperinsulinemic state that increases the transcription of many lipogenic genes controlled by SREBPs (18, 19) and leads to an increase in lipogenesis. Therefore, an increased influx of FFA into the kidney and concomitant increase in renal lipogenesis may promote kidney lipotoxicity that could result in CKD.
The aim of this study was to assess the effect of different types and amounts of dietary proteins (soy protein and casein) on the regulation of lipogenic genes and renal lipid concentration, biochemical parameters of kidney function, and morphology in Zucker fa/fa rats, an animal model that develops obesity and hyperinsulinemia. In addition, the expression of genes involved in inflammatory response was also measured as markers of potential kidney damage.
MATERIALS AND METHODS

Animals and diets. Male Zucker
fa/fa rats (4 wk old) were obtained from Harlan (Indianapolis, IN) and maintained in the animal care facility of our institution. Rats were divided into six groups (8 rats/group), housed on a 12:12-h-light-dark cycle, and fed with one of the following experimental diets: 20% casein diet (C20); 30% casein diet (C30); 45% casein diet (C45); 20% soy protein diet (S20); 30% soy protein diet (S30); or 45% soy protein diet (S45). The protein concentration of the diets was adjusted according to the purity of the protein (casein 90.6%, soy protein 86%). Rats had free access to food and water for the length of the study (55 days) . The composition of the experimental diets is presented in Table 1 . Body weights and food intake were measured daily. At the end of the study, rats were deprived of food and placed in metabolic cages for urine collection for 12 h. Urinary creatinine and total protein excretion were measured.
Immediately after 12 h of food deprivation, eight rats in each dietary group were killed by decapitation after anesthetization with CO 2. Blood was collected and was centrifuged at 1,000 g for 10 min. Serum was separated and stored at Ϫ20°C for further analysis. The right kidney was removed and weighed, quickly frozen in liquid nitrogen, and stored at Ϫ70°C for molecular studies. The left kidney was blanched with phosphate buffer and placed in a cassette in 10% formalin buffer until fixation was completed for histological analysis. Institutional guidelines for animal care and use were followed. The Institutional Animal Care and Research Advisory Committee of the Salvador Zubirán National Medical Science and Nutrition Institute in Mexico City approved the animal protocol.
Blood and urine biochemical parameters. Renal function was evaluated based on 24-h creatinine clearance. Serum and urine creatinine were measured with a colorimetric kit (Pointe Scientific, Canton, MI). Renal creatinine clearance was calculated by the standard formula C ϭ (U ϫ V)/P, where U is the urine concentration, V is the urine flow rate, and P is the serum concentration. Urinary protein excretion was measured with the trichloroacetic acid turbidimetric method (17) . The urinary H2O2 excretion was determined by a fluorescent method using Amplex Red (Sigma-Aldrich, St. Louis, MO), which reacts with H2O2 with a 1:1 stoichiometry to produce highly fluorescent resorufin (36) . The fluorescence was measured using excitation and emission wavelengths of 571 and 585 nm, respectively, using a Synergy HT multimode microplate reader (Biotek Instruments, Winooski, VT). Cholesterol and TG serum concentrations in fooddeprived rats were measured with colorimetric kits (DiaSys Diagnostic Systems, Holzeheim, Germany). Blood urea nitrogen (BUN) and uric acid were also measured with colorimetric kits (Pointe Scientific). Fasting serum glucose was measured using an YSI2700 select Biochemistry Analyzer (YSI Incorporated, Yellow Spring, OH).
Kidney lipid content. Total lipids were extracted from 100 mg of kidney according to Folch et al. (13) . Briefly, samples were homogenized in 6 ml chloroform:methanol (2:1). The mixture was allowed to stand for 15 min, after which 1.5 ml 0.9% NaCl was added and the mixture was centrifuged for 10 min at 3,000 rpm. The organic phase was evaporated to dryness under nitrogen stream and resuspended in 100 l of Triton X-100 in isopropanol (10% vol/vol). An aliquot of this resuspension was used to determine cholesterol and TG contents using enzymatic kits (DiaSys Diagnostic Systems). Data were expressed as the amount of each lipid per gram of original kidney mass.
Insulin radioimmunoassay. Serum insulin was determined by radioimmunoassay using a rat insulin kit (Linco Research, St. Charles, MO). The detection limit of the rat insulin assay was 50 pmol/l, and the intra- Components are expressed as g/kg diet. and interassay CVs were Ͻ5%. Immune complexes were counted with a Cobra II gamma counter (Packard Instruments, Meriden, CT).
RNA isolation and real-time PCR.
Total RNA was isolated from kidneys using the standard guanidine isothiocyanate-cesium chloride method (9) . The integrity of isolated total RNA was examined by 1% agarose gel electrophoresis and RNA concentration was determined by UV light absorbance at 260 nm (Beckman DU640, Brea, CA). Reverse transcription was carried out using 300 ng of total RNA from each rat at 37°C for 60 min using 200 U of Moloney Murine Leukemia Virus reverse transcriptase (Invitrogen). The mRNA levels of SREBP-1, sterol regulatory element binding protein-2 (SREBP-2), 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoA reductase), type IV collagen, interleukin-6 (IL-6), TNF-␣, transforming growth factor-␤ (TGF-␤), carbohydrate responsive element-binding protein (ChREBP), peroxisome proliferator-activated receptor-␣ (PPAR␣), carnitine palmitoil transferase 1 (CPT-1), acyl-CoA oxidase (ACO), and fatty acid synthase (FAS) were quantified by real-time PCR with an ABI Prism 7300 Sequence Detection System (TaqMan, Applied Biosystems, Foster City, CA). TaqMan fluorogenic probes and oligonucleotide primers were obtained from Applied Biosystems. The relative amounts of all mRNAs were calculated using the comparative CT method (User Bulletin no. 2, PE Applied Biosystems). Cyclophilin was used as the internal control for kidney tissue analysis. The reference assay ID for each gene is as follows:
and cyclophilin (Rn00690933).
Histopathological studies. At the end of the experiment, kidneys were rapidly removed, sliced longitudinally, and immersed in ice-cold 10% paraformaldehyde in phosphate-buffered saline. After dehydration, kidney slices were embedded in paraffin, sectioned at 4 m, and stained using hematoxylin/eosin (H/E), periodic acid-Schiff (PAS), and trichromic-Masson methods. A computer-assisted color image analyzer (Q/win-500, Leica, Milton Keynes, Cambridge, UK) was employed to study 20 randomly selected glomeruli from each animal at ϫ400 magnification. The percentage of glomerular surface area occupied by mesangial cellularity and extracellular matrix was obtained by normalizing the area of the PAS-positive material in each glomerulus. Glomerular size was measured in tissue sections 5 m thick stained with H/E. The outline of 20 glomeruli from each animal was digitized from the light microscope using a video camera and a computer-based analysis system (magnification ϫ200) (Q/win-500, Leica, Milton Keynes). Glomerular sections were displayed on the computer screen, and their area was measured by an interactive procedure with an image-analysis software package. To normalize the structure for measuring, only glomeruli in which both poles vascular and tubular were clearly seen were taken into account to perform these determinations.
Statistical analysis. Values are expressed as means Ϯ SE. Data were tested using 2-way ANOVA with the type of protein and percentage of protein as independent variables. When an interaction was significant, a Fisher's protected least significant difference test was performed. Differences were considered significant at P Ͻ 0.05. Histological analysis was conducted for four rats from each group. Slices of renal tissue were divided into 10 fields, and the average area per field for each of the 4 rats from each group was used for statistical analysis (JMP statistical analysis program 6.0.3; SAS).
RESULTS
Food intake, body and kidney weight, and glomerular size.
At the end of the experiment, animals fed high-protein (45%) diets had significantly less body weight than those fed an adequate protein diet (20%) regardless of the type of protein (Table 2) . However, no significant weight gain was observed with different types of protein. Total kidney weight was not significantly affected by the type and amount of dietary protein, but rats fed high-protein diets had a significantly higher kidney/body weight ratio compared with those fed a 20% casein diet (Table  2) . Glomerular size was significantly bigger with both casein or soy protein diets at the highest concentration of protein compared with the respective 20% dietary protein (Table 2) . Serum and renal lipids. Rats fed soy protein diets showed significantly higher serum TG than those fed casein. Interestingly, a higher dietary protein concentration correlated with higher serum TG concentration, independent of the source of the protein. As expected, rats fed soy protein had significantly lower serum cholesterol concentrations than those given a casein diet. Despite the changes in serum lipid concentrations, no significant changes in renal TG and cholesterol concentrations were observed (Table 3) .
Renal function parameters. There was a significant increase in urine volume and urinary protein excretion as protein concentration increased, for both types of protein. This significant trend was also observed for serum creatinine, serum uric acid, and BUN levels. However, rats fed soy protein showed significantly lower serum creatinine and BUN levels than did those fed casein. Creatinine clearance was unchanged in the studied groups, which may be due to the well-known limitations of the creatinine clearance methodology as an index of GFR (7, 41) .
It was found that urinary excretion of H 2 O 2 , a marker of oxidative stress, increased in parallel as protein concentration was raised with both dietary proteins (P Ͻ 0.0066) (Fig. 1) . There was no difference in this parameter between both types of proteins.
Serum glucose and insulin. Rats fed soy protein had significantly lower serum insulin concentrations than rats fed casein. The amount of dietary protein itself had no effect on serum insulin. Fasting serum glucose concentrations were abnormal in both groups, although neither group displayed severe hyperglycemia. Nonetheless, rats fed soy protein had serum glucose concentrations slightly higher than those in rats fed casein (Table 4) .
Renal expression of genes involved in FA synthesis/oxidation and cholesterol synthesis. Renal expression of the lipogenic transcription factor SREBP-1 was significantly increased as the concentration of dietary protein increased. However, its target gene, FAS, showed no significant change. We did not observe a significant change in the renal expression of the transcription factor ChREBP. On the other hand, despite the absence of a significant change in levels of the transcription factor PPAR␣, which regulates the expression of genes involved in FA oxidation, the expression of ACO and CPT-1 increased as the protein content in the diet increased.
The expression of SREBP-2, a key transcription factor in endogenous cholesterol biosynthesis, augmented as dietary protein concentration increased, resulting in increased expression of HMG-CoA reductase (Table 5) .
Renal expression of proinflammatory cytokines and proteins involved in renal injury. Increased dietary protein concentrations stimulated greater expression of the proinflammatory cytokines TNF-␣ and IL-6 in the kidney, independent of the type of dietary protein (soy or casein). Similar responses were observed for the extracellular matrix protein type IV collagen and the profibrotic growth factor (TGF-␤). These results suggest that high concentrations of dietary protein, regardless of type, stimulate renal metabolic abnormalities that may result in proinflammatory status associated with histological renal abnormalities linked to renal failure (Table 6) .
Histological analysis of the kidney. No significant histological abnormality was observed in rats fed with 20 or 30% soy or casein protein diets (Fig. 2 ), yet a statistically significant increase in mesangial matrix and cellularity was observed in animals fed a diet of 45% soy protein and even more increased mesangial expansion in rats fed a 45% casein diet (Fig. 2) . Thus casein or soy in high concentration (45%) induced mesangial expansion. The analysis of histological sections stained with the Masson technique was not indicative of fibrosis (data not shown).
DISCUSSION
The regulation of renal lipogenesis by various dietary factors is an important aspect of the development of lipotoxicity (53) . This abnormality has been found in humans and animal models with obesity and metabolic syndrome (54) . Our results confirm and extend these findings, demonstrating that dietary protein from both vegetable or animal sources can modify renal lipogenesis, TG accumulation, as well as glomerulosclerosis. These results have practical importance since high-protein diets are frequently recommended for obese subjects who are attempting to lose weight (32, 34) . Furthermore, excess FA accompanied by TG accumulation in the parenchymal cells of multiple tissues, including the kidney, may result in chronic cellular dysfunction and injury. In proteinuric states, FA in the albumin can exacerbate chronic tubulointerstitial injury and lipid accumulation in glomeruli, and tubular cells may contribute to the progression of nephropathy (56) . Moreover, it seems that in Zucker rats the renal damage and proteinuria are secondary to the lipid abnormalities (25) . Lipid abnormalities precede the development of albuminuria and glomerular injury in this model, and the treatment with hypolipidemic agents dramatically reduces glomerular injury and proteinuria (23) (24) (25) 38) .
There is abundant experimental evidence, and to a lesser degree, clinical evidence, demonstrating that the amount and type of dietary protein may influence kidney function (11, 12, 33, 39, 47, 49) . Despite some controversy, there is a generalized belief that low-protein diets are beneficial in the treatment of patients with CKD and can reduce the progression of kidney disease (3, 33, 39) . On the other hand, it has been claimed that vegetable protein is beneficial for individuals with CKD as it can help improve renal blood flow perfusion and reduce inflammation (12) . Indeed, vegetable proteins like soy protein increase the production of nitric oxide, promoting normal renal function in obese rats (49) . Additionally, soy protein preserves glomerular filtration rate in rats with chronic renal failure in clear association with the lower production of metabolic acid evaluated by the urine net acid excretion and kidney acid content (57).
The accumulation of renal lipids has been considered to be a significant contributing factor in the development of CKD. A number of findings suggest that increased entry of FA into proximal tubular cells and glomeruli as well as accelerated lipogenesis mediated by SREBP-1 promote renal lipotoxicity (22, 42, 46, 56) . On the other hand, several studies have demonstrated that the consumption of soy protein is able to reduce hepatic lipogenesis mediated by SREBP-1c (48), resulting in a significantly lower hepatic TG accumulation than the consumption of casein. Interestingly, the present study did not reveal significant differences in the renal accumulation of TG between rats fed soy protein or casein, although the kidneys of rats fed soy protein tended to have lower renal TG concentrations. Importantly, however, our results showed that higher dietary protein concentration was associated with a greater accumulation of renal TG and an increase in the expression of renal SREBP-1. We have demonstrated previously that the consumption of casein increased serum insulin concentration and that this in turn increased liver SREBP-1 mRNA levels (37) . It is also known that transcription of the SREBP-1 gene and the processing of SREBP-1 precursor protein to its mature form is regulated by insulin (50) . Studies with soy protein produced the opposite effect (4) . Differences in the insulin secretion stimulated by different types of dietary proteins are mediated, in part, by the amino acid constitution of each protein and particularly by the isoflavones bound to soy protein. We found that increasing the percentage of dietary protein augmented serum insulin, which may explain the elevation of renal SREBP-1 mRNA (50) . Surprisingly, the soy protein diet stimulated an increase in renal TG and SREBP-1, although not of the same magnitude as stimulated by a casein diet. However, these increases were not accompanied by a proportional increase in serum insulin. This result suggests that there are alternative, as yet unexplored mechanisms that may act to elevate SREBP-1 mRNA expression under certain dietary conditions.
An increase in SREBP-1 and TG levels has been shown to induce the expression of TGF-␤, which contributes to the accumulation of extracellular matrix proteins and the development of fibrosis (6) . We showed that an increase in dietary protein, either casein or soy, resulted in upregulated renal expression of the transcription factor SREBP-1, causing increased accumulation of renal TG. A concomitant overexpression of TGF-␤ and mesangial expansion, leading to incipient glomerulosclerosis and proteinuria, were also observed.
Both experimental and epidemiological evidence suggest that the consumption of soy protein reduces serum cholesterol concentration (35) . Our data also supported this hypothesis, indicating that soy protein not only stimulates renal blood flow perfusion by increasing nitric oxide levels but also by reducing the concentration of serum cholesterol. The effect on oxidized serum cholesterol is central, since isoflavones have an important antioxidant effect. The reduction of oxidized cholesterol also slows inflammatory processes and atherogenesis in kidney (45) . Interestingly, despite the decrease in serum cholesterol stimulated by soy protein, we observed an increase in SREBP-2 expression associated with higher amounts of soy protein in the diet. However, the increase in the expression of HMG-CoA reductase was greater in the kidneys of rats fed a casein diet than those fed soy protein. These results may imply that consumption of soy protein stimulated a lesser extent of renal cholesterol synthesis, although the renal cholesterol concentration was not significantly different in the two protein diets.
During acute kidney injury, renal tubular cholesterol synthesis increases and cholesterol accumulation occurs (45) . Thus kidney injury caused by the consumption of a high concentration of casein may be linked to an increase in HMG-CoA reductase expression, but this was not severe enough to produce a significant change in the concentration of renal cholesterol compared with rats fed soy protein. This hypothesis is partially supported by the fact that although a higher concentration of total urinary protein was present in rats fed casein than in those fed soy protein, there was no significant difference in creatinine clearance. This result suggests that the kidney injury in the model was not severe or long-term enough to produce significant alterations, such as those observed in well-established models of glomerular sclerosis. Interestingly, high-protein diets induced renal hypertrophy and increased glomerular size, which is consistent with previous data (43) .
Moreover, similar levels of proinflammatory markers, expression of extracellular matrix proteins and profibrotic growth factors, and the absence of fibrosis were seen in the kidney of rats fed with both types of dietary proteins. Interestingly, oxidative stress (measured as urinary H 2 O 2 excretion) increased in rats treated with a high-protein diet, suggesting that is also involved in the renal alterations observed in the present study. Information about the effect of the concentration of dietary protein on the development of the inflammatory response in kidney is scarce. TNF-␣ has been shown to mediate inflammation in several models of renal injury, including glomerulonephritis (26) , acute renal failure (8) , and tubulointerstitial injury (15) . TNF-␣ binding to its receptors, particularly the TNF-␣ type 1 receptor, mediates its effects, causing macrophage infiltration, the upregulation of inflammatory cytokines NF-B and TGF-␤, and apoptosis (8, 27) . These cytokines may be toxic to renal epithelial, mesangial, and endothelial cells. However, the specific role of TNF-␣ in obesity-induced renal injury has not been studied.
Meanwhile, IL-6 was shown to enhance TGF-␤ signaling via modulation of TGF-␤1 receptor trafficking, an effect that may enhance renal fibrosis (55, 59) . These changes are not surprising in Zucker fa/fa rats, since a feature of this model is obesity, in which insulin resistance causes a systemic increase in proinflammatory cytokines. Interestingly, we found that as protein content in the diet increases, regardless of protein type, the expression of several cytokines in the kidney increases as well. Additionally, mesangial expansion was clearly increased as casein or soy in high concentration (45%) were consumed by the rats. These results are important since they show that long-term consumption of a high-protein diet could be detrimental to the kidney, particularly when coupled with obesity and insulin resistance associated with an inflammatory state. In addition, we also observed an increase in the renal expression of type IV collagen, a well-established mediator of glomerulosclerosis and proteinuria, as dietary protein increased. Thus diets with high protein content produce renal damage in Zucker fa/fa rats, relative to diets containing a moderate concentration of soy protein, which have beneficial effects on kidney function and structure in obese, hyperinsulinemic Zucker fa/fa rats.
